Making robust connections between genetic variation, neurophysiology, and social behavior remains a challenge. A study by Bendesky et al. (2017) tackles this challenge by dissecting the genetic architecture of parental care in deer mice to discover an important contribution of vasopressin signaling to the evolution of nest building.
The Challenge of Behavioral Genetics
Identifying the genes underlying complex traits has been one of the foremost challenges in genetics research for years. Among these traits, complex behaviors-especially social behaviors-have proven to be some of the most difficult to map. Although such traits frequently have a heritable component, they are often highly plastic and can be difficult to phenotype in high throughput, especially in mammals. As a result, the bestknown ''genes for behavior'' still come from studies of invertebrate model systems such as C. elegans and Drosophila (Bendesky and Bargmann, 2011) . Very large-scale genome-wide association studies have begun to identify promising associations between genes and social behaviors in humans (e.g., Barban et al., 2016) . However, these studies have yet to point the way toward mechanism or causal variants, are limited to the few cases in which enormous sample sizes can be marshaled, and constrain the types of social behaviors that can be investigated to those that are most easily measured.
A more complete understanding of the genetics of social behavior requires additional approaches and a more diverse set of study systems. In a recent study published in Nature, Bendesky et al. (2017) illustrate the rewards of such a strategy by probing the genetic architecture of parental care in the deer mouse genus Peromyscus, a close relative of the lab mouse. Deer mice are ideal for studying the genetics of pair bonding and parental behavior because closely related species exhibit substantial diversity in the degree to which mothers and fathers care for their young. By combining classic trait mapping methods with pharmacological and chemogenetic experiments to establish mechanism, Bendesky et al. (2017) demonstrate the power and potential of modern integrative behavioral genetics. Specifically, they identify the arginine vasopressin gene as a likely contributing factor to the evolution of interspecific differences in parental behavior in deer mice. Their results add one more example to the still-small list of genes linked to natural variation in vertebrate social behavior.
Rodents as Model Parents
Infant mammals would not survive without the care of adults, usually their parents. However, the amount, type, and identity of caregivers vary across species and can differ even between closely related taxa. The essential nature of parental care, combined with its natural variability and importance in our own species, make care-related traits a fascinating topic for neurogenetic analysis. Indeed, one of the textbook examples of a link between genes and behavior involves differences in parental behavior between the monogamous prairie vole and the promiscuous montane vole, which are partially attributable to changes in the neuronal distribution and expression of the receptors for the neurotransmitters oxytocin and vasopressin (Young et al., 1998) .
In contrast to the voles, monogamous old-field mice (P. polionotus), which exhibit high rates of maternal and paternal care, and promiscuous deer mice (P. maniculatus), which exhibit lower rates of care, with a sex-biased contribution from mothers, can be interbred in the lab. This feature allowed Bendesky et al. (2017) to identify quantitative trait loci (QTL) associated with parental care phenotypes using well-established quantitative genetic breeding designs.
To measure parental behavior in the two species, Bendesky et al. (2017) placed a mouse's 4-to 6-day-old pup into a new cage and scored several aspects of parental behavior: nest building, huddling, licking, and pup retrieval. As expected, both male and female P. polionotus mice engaged in significantly more parental care, across all traits except for pup retrieval, than their male and female P. maniculatus counterparts. Repeating the assay with cross-fostered offspring established the heritability of these traits: P. polionotus offspring raised by P. maniculatus parents parented in the same fashion as siblings raised by their natural parents, while P. maniculatus offspring raised by P. polionotus parents retained maniculatus-typical parenting behavior. By creating F1 hybrid offspring and then interbreeding these F1 animals to create a QTL mapping population of recombinant F2s, Bendesky et al. (2017) then identified 12 parental careassociated genomic regions (23 parental care-QTL combinations in all). Based on the resulting map, they concluded that parental care traits frequently exhibit sex-specific effects (i.e., sex-by-genotype interactions) and that while some traits share the same genetic basis, others appear to evolve relatively independently.
Specifically, nest building behavior (assayed using a qualitative score for nest quality) was only weakly correlated with the other behaviors measured in Bendesky et al. (2017)'s assay (huddling, licking, and pup retrieval). Tantalizingly, the largest effect QTL for nest building fell on chromosome 4 and included the interval containing the Peromyscus homolog for arginine vasopressin (Avp)-part of the neurotransmitter signaling pathway previously associated with paternal behavior in prairie voles (Wang et al., 1994) . Bendesky et al. (2017) found few cases of predicted protein function-altering variants within the QTL but several dozen genes that were differentially expressed in P. polionotus and P. maniculatus hypothalamus samples, including evidence for cis-regulatory differences in Avp regulation. Based on this evidence, they focused on establishing a causal relationship between vasopressin activity and the nest building phenotype. In a series of experiments, they showed that cerebroventricular administration of vasopressin to P. polionotus parents significantly diminished their nest building behavior (but administration of the closely related neuropeptide oxytocin did not). Taking advantage of the close relationship between Peromyscus and Mus, they then performed chemogenetic experiments in lab mice to manipulate vasopressin neuronal activity in the paraventricular nucleus. Consistent with both the QTL mapping and pharmacological results, inhibition of vasopressin neurons increased nest building behavior, while excitation of the same neurons decreased it. Together, their results provide strong evidence that vasopressin signaling plays a central role in the parental care phenotype, that expression of Avp itself differs between P. polionotus and P. maniculatus, and that this difference may explain the association between nest building and the QTL on chromosome 4. Bendesky et al. (2017) 's study comprises an important advance in the field of vertebrate behavioral genetics. It elegantly weaves together high-throughput sequencing-based approaches, genetic crosses, and, crucially, experimental manipulation to bolster the case for causal mechanism. It thus raises the bar for future studies of gene-behavior associations, demonstrating the need for research teams to have expertise not only in animal behavior, but also in classical genetics, population and functional genomics, and neuroscience. Notably, Bendesky et al. (2017) 's study also benefited from its careful choice of study system. Deer mice have short generation times, can be bred in captivity, and are closely related to the most important model system in mammalian genetics. Bendesky et al. (2017) 's approach will therefore be directly translatable to a relatively small number of other systems. Perhaps a more important lesson to be learned, therefore, relates to the need to tackle behavioral genetic questions using multiple complementary approaches. In particular, Bendesky et al. (2017) illustrate how classical methods (e.g., QTL mapping using crossing designs) can be afforded improved power and resolution as newer techniques come online. Bendesky et al. (2017) 's results focus on the genetic architecture of parental care, especially nest building, but aspire to say more about the broader genetics of social behavior. For example, the discovery that vasopressin signaling influences parental care in deer mice, as well as voles, is a striking example of evolutionary convergence. It is also consistent with the ''molecular toolkit'' hypothesis for the evolution of social behavior, which argues that natural selection often tinkers with the same physiological systems as a means to the same end (Rittschof et al., 2014) . However, it is the vasopressin and oxytocin receptors that account for differences between prairie voles and montane voles, whereas in Bendesky et al. (2017) 's example, the neurotransmitter hormone itself appears to be the key player. This finding challenges the idea that evolutionary change in the regulation of hormone or neurotransmitter receptors should be more common (due to increased modularity and fewer ancillary effects) than change in their ligands. With only a handful of well-established cases, it is clearly too early to draw strong conclusions. Examples like this nevertheless broaden our perspective on the pathways that lead to trait evolution. Bendesky et al. (2017) 's study also raises several intriguing questions. First, they use phenotypic correlations to suggest a complex mixture of pleiotropy and independence among the traits they study. If these correlations are truly genetic in origin, then the evolution of some parental care traits will be affected by selective pressures on the traits with which they covary. Genetic covariance can constrain, accelerate, or even change the expected direction of how a trait of interest evolves (Falconer and Mackay, 1996) , and Bendesky et al. (2017) 's results therefore highlight the importance of understanding when and to what degree social behavioral phenotypes are genetically linked. Notably, genetic covariance can be formally estimated in either large pedigreed samples or using crossing designs (such as the one Bendesky et al., 2017 employ) . Genetic covariance between the sexes can also be formally investigated using these methods, which would provide better resolution on the frequency of sex-by-genotype interactions. Indeed, because most QTL for complex traits are expected to have small effect sizes (Rockman, 2012; Boyle et al., 2017) , an alternative explanation is a failure to replicate true shared associations between sexes in power-limited samples.
New Lessons and Questions in Mammalian Behavioral Genetics
Second, much remains to be gleaned from the genes and QTL that Bendesky et al. (2017) have identified. What are these loci, and how do they influence parental care? Do they interact with one another, and if so, in what ways? Are multiple causal variants located within major effect QTL (498 genes are found within the chromosome 4 nest building QTL alone)? Bendesky et al. (2017) made a sensible and strategically wise decision to focus on vasopressin signaling here. However, the story clearly continues beyond Avp. For example, Bendesky et al. (2017) point out a somewhat counterintuitive result: of the 23 QTLbehavior associations they identify, the P. polionotus allele (i.e., the allele from the monogamous, higher caregiving species) is actually associated with lower rates of parental care in more than half. Bendesky et al. (2017) propose, but do not test, a few biological explanations for these surprising findings: (1) if parental care has not been under direct selection in P. polionotus, they may not be expected to consistently carry the high parental care allele; (2) epistatic interactions may produce a scenario in which the P. polionotus allele only leads to high parental care in the P. polionotus genetic background; or (3) some alleles increase parental care in one sex but decrease it in the other sex, again suggesting pervasive sex-by-genotype interaction and constraints on selection. While individual case studies like Avp help anchor our understanding of biological phenomena, resolving this interesting puzzle may ultimately do more to shed light on the broader evolution of social behavioral traits.
Finally, although Bendesky et al. (2017) 's study already represents a tremendous amount of effort, we note that the actual genetic variants that underlie variation in parental care remain unknown. Perturbing pathway-level function, as Bendesky et al. (2017) successfully do here, will generally remain easier to doand be more likely to produce large phenotypic effects-than swapping out variants from one species with another, when both function within the normal spectrum of trait variation. Nevertheless, if a major goal of behavioral genetics is to identify not only pathways, but also the causal alleles that shape behavior, overcoming this major remaining barrier (e.g., using CRISPR-Cas9 manipulations) will be one of the next frontiers to explore.
